Hardened ordinary Portland cement mortar pastes were prepared with different water / cement ratios within the range of 0.25 to 0.50 and cured for various time intervals up 28 days. At each hydration time the hardened specimens were, then, impregnated with different monomers; these are : castor oil (C.O), isocyanate and methyl methacrylate (MMA). Polymerization was carried out by subjecting the impregnated samples to different doses of γ-radiation where polyurethane (PU), polyurethane-methyl methacrylate copolymer were formed within the pore system. The influence of polymer impregnation of the various physico-mechanical characteristics of the resulting composites, namely, compressive strength, of the samples in connection with water cement ratio, radiation dose and curing period was discussed. Scanning electron microscopy (SEM) was employed to study the microstructural characteristics of the neat hardened OPC mortar pastes and their polymer-impregnated composites.
INTRODUCTION
Increased industrial interest has been arisen all over the world in the polymer impregnation technique for enhancing the properties of concrete [1] . Polymerimpregnated concrete is a conventional concrete made with Portland cement, wet cured, dried and subsequently impregnated with liquid monomer and polymerized by gamma radiation or by thermal treatment. The associated effects of such application have significantly improved the material's quality. Typical improvements of these properties include compressive strength, modulus of elasticity, modulus of rupture, flexural modulus and hardness impact values in addition to the tremendous decrease in water absorption. Various studies cover the factors affecting production and durability and show a remarkable improvement in mechanical properties [2] [3] [4] [5] . Other indicates that polymer impregnation improves the properties of concrete [6] [7] [8] [9] [10] [11] . The main objectives of this investigation are to study the main characteristics of polymer impregnate cement mortar composites to improve their mechanical properties with increased durability.
EXPERIMENTAL
The materials used in this investigation were ordinary Portland cement (OPC), standard sand, castor oil (C.O.), 4, 4'-diphenylmethane diisocyanate (MDI) and methyl methacrylate (MMA).
A freshly produced sample of (OPC) was supplied by the National Cement Company (NCC). Its oxide composition is given as: SiO Methyl methacrylate is one of the few monomers which can be made to yield highmolecular weight polymer by all known methods of initiation. A sample of BDH grade MMA was used in a liquid form having a density of 0.940 gm/cm 3 , and contains quinol as a stabilizer. When polymerized, it gives a stable polymer at room temperature.
Hardened OPC mortar pastes of various porosity, having different initial water/cement (W/C) ratios of 0.25, 0.30, 0.40 and 0.50 by weight, were prepared by mixing the required amount of cement with standard sand using water to form mortar pastes. This was deliberately carried out in order to get cement mortar pastes having varying ranges of porosity.
Before impregnation, the hardened specimens were immersed in methanol-acetone mixture (1 : 1 volume ratio) for about 1 hour to stop the hydration process; this is followed by drying in an electric oven at 100 ±5 o C for 24 hours. The dried specimens were then placed into a desiccator until the time of the impregnation process.
The dried specimens of the hardened cement mortar pastes representing each mix were impregnated by either a mixture of castor oil and 4, 4'-diphenylmethane diisocyanate (to obtain polyurethane) or a mixture of castor oil, 4, 4'-diphenylmethane diisocyanate and methyl methacrylate (to obtain polyurethanemethyl methacrylate (PU/MMA) copolymer). The monomer impregnated specimens were then irradiated using various doses of γ -rays required for the polymerization process within the pore system of the resulting composites.
The various neat and polymer impregnated cement mortar pastes were tested for their compressive strength and microstructure using the scanning electron microscope (SEM) by the methods described previously in earlier investigations [ 12 -14] .
RESULTS AND DISCUSSION
1. Characteristics of OPC mortar pastes:
Compressive Strength
The compressive strength values obtained for all of the hardened mortar pastes investigated are graphically represented as a function of curing time in Fig. (1) for the mortar pastes made with different water/cement ratios.
It is clear from Fig.(1) that the compressive strength of the various hardened cement mortar paste increases with the increase of the time of hydration as well as the decrease of water/cement ( W/C ) ratio. The results of Fig. (1) show that the compressive strength values decrease sharply with the increase of water/cement ratio of the hardened mortar paste. The strength of the hardened mortar paste is usually correlated with the degree of hydration and total porosity. The strength resides in the solid material of the mortar pastes, and both the volume and weight of the solids increase with increasing degree of hydration; i.e. increase of curing age. The pores, naturally, reduce the compressive strength values. With progressing hydration, the total porosity decreases, because the hydration products occupy a greater volume than the unhydrated cement; consequently a part of the hydration products deposit in the pores. Thus, the two effects work in the same direction; with increasing degree of hydration more cementing and strength producing material is formed, and at the same time the porosity also decreases. The compressive strength results presented here in this investigation show good correlations with both degree of hydration and total porosity. Therefore, the degree of hydration and the total porosity of the hardened mortar paste represent the two main factors affecting the developed strength. These two factors are not the only ones, and some other factors might play a certain role in affecting the compressive strength results; one of these factors is probably related to the pore structure of the hardened mortar paste.
Recent studies indicate that the wide pores affect the compressive strength more than microspores [15] [16] . The strength is reduced markedly in presence of higher fraction of wide pores in the mortar paste; while micro pores, have a smaller effect on the reduction of compressive strength. Evidently, the hardened mortar pastes made with low porosities (low initial W/C ratios) possess higher strength values as compared with the mortar pastes made with higher W/C ratios. Therefore, low porosity mortar pastes are denser than high porosity mortar pastes. These results indicate that the porosity of the hardened mortar pastes plays the dominant factor affecting the compressive strength rather than the degree of hydration.
Characteristics of OPC -polyurethane impregnated mortar composites.

Compressive Strength
The most important observation in the cement-polymer system is that, there is a significant increase in the compressive strength of the resulting cement -polymer composites over that of neat cement paste. The present investigation was carried out in order to study the dependence of the compressive strength of polymer impregnated OPC mortar pastes on the type of PU used, and the W/C ratio. The effect of polyurethane ( castor oil and diisocyanate monomers on the compressive strength of OPC mortar pastes made with different W/C ratios and hardened for periods of various curing 1, 3, 7 and 28 days will be discussed.
The variation of the compressive strength of polymer impregnated OPC mortar pastes made with different initial porosities (W/C ratios) at various hydration ages are graphically represented in Fig. (2) . Fig. ( 2) Showed that the compressive strength obtained for all of the hardened polymer impregnated mortar composites seems to be a function of the initial porosity of the un-impregnated mortar paste. The amount of polymer formed will reduce the total porosity as a result of filling of the residual pore system of the hardened OPC mortar pastes and therefore, the compressive strength of resulting composites will be increased. Therefor, the polyurethane formed in the residual pore spaces of the impregnated cement OPC mortar composites leads to a noticeable improvement in the compressive strength of the resulting composites. The results of Fig. (3) indicate that for the mortar pastes made with low initial porosities (W/C ratios of 0.25 & 0.30) the compressive strength values of polymer impregnated low porosity OPC mortar pastes are markedly higher than those of the ( un-impregnated mortar pastes). This increase in the strength values was more obvious during the early hydration ages (1 -7 days). At longer ages of hydration, the improvement of the strength becomes less pronounced.
For low porosity mortar pastes, made with the initial W/C ratio of 0.25 and 0.30, the curing of the polymer within their limited pore spaces was almost complete by using lower radiation doses (0.5 -1Mrad). With increasing initial porosity of the mortar pastes (W/C 0.40 and 0.50), the radiation dose required for the complete curing of the polymer increases.
Evidently, the results of Figs. (3) , obtained for the mortar pastes made with W/C ratios of 0.40 and 0.50, indicated that the improvements in the compressive strength values of the polymer impregnated mortar pastes at the later ages mortar pastes were less than those obtained at the early hydration ages.
In general, it can be concluded that the initial porosity of the hardened OPC mortar pastes (as controlled by the initial W/C ratio) before impregnation is one of the main factors affecting the compressive strength of the polymer impregnated OPC mortar composites. This can be seen from the differences of the compressive strength values of the hardened OPC mortar pastes made with different initial porosities. The improvement in compressive strength values as a result of polymer impregnation is highly distinguished for the low porosity OPC mortar pastes as compared to such strength improvement for the mortar pastes made with higher initial porosity.
Obviously, for all of the hardened mortar pastes, the strength improvement is more noticeable for the resulting OPC mortar composites at the early hydration ages. This is related to the fact that the total porosity of each hardened mortar paste at the early ages of hydration before and after impregnation, is higher than at later ages as hydration proceeds, larger amounts of cement hydrates are deposited with the pore spaces of the hardened mortar pastes leading to a reduction of the total pore system, this leads to a decrease in the extent of polymer loading of the resulting composite on prolonged hydration of the hardened OPC mortar pastes. Therefor, the change in the total porosity affects the amount of impregnated monomers diffusing into the pore system of the specimens, and consequently affecting the amount of polyurethane formed during polymerization within the pores of the hardened OPC mortar pastes.
SEM micrographs
The microstructure of the hardened OPC mortars obtained after 28 days of hydration indicated that the formed hydrates are engulfed by the polymer formed within the residual pore system of the hardened mortar pastes as shown in Fig. (3) .
The SEM Micrographs of the hardened OPC mortar paste made with the lower initial porosity (W/C = 0.25) and cured for 28 days after impregnation with polyurethane and irradiated by 0.5Mrad, indicated that the interlocking fibers of calsium silicate hydrate (CSH) as well as rod-like crystals of calcium sulphoaluminate hydrates and the hexagonal crystals of Ca(OH) 2 , are almost embedded within the polymer formed in the residual pores of the hardened mortar pastes as shown in Fig.(3) .
Scanning electron microscopic (SEM) examination of the hardened OPC mortar paste made with W/C ratio of 0.40 after 28 days of hydration after impregnation with polyurethane and irradiated by 0.5 Mrad, indicated the almost coating of the formed hydration products as a result of polymer impregnation Fig.(3) .
Characteristics Of Opc -(Polyurethane -Methyl Methacrylate ) Copolymer
Impregnated Mortar Composites:
Compressive strength
The most important characteristics of the cement-polymer system is that, there is a significant increase in the compressive strength of the resulting cement-polymer composites over that of neat cement paste. The present investigation was carried out in order to study the dependence of the compressive strength of polymer impregnated -OPC mortar pastes on the origin of polyurethane used as well as the initial W/C ratio of the hardened mortar pastes. The effect of the copolymer of made polyurethane ( castor oil and diisocyanate) and methyl methacrylate (MMA) monomers on the compressive strength of OPC mortar pastes, made with different initial W/C ratios and hardened for various curing periods of 1, 3, 7, and 28 days, will be discussed.
The variations of the compressive strength of the resulting copolymer impregnated -OPC mortar pastes, made with different initial porosities (W/C ratios) at various hydration ages, and are graphically represented in Fig. (4) . The results of Fig. (4) showed that the compressive strength obtained for all of the hardened polymer impregnated mortar composites seems to be a function of the initial porosity of the un-impregnated mortar pastes. In this case the amount of copolymer formed will reduce the total porosity as a result of filling of the residual pore system of the hardened OPC mortar pastes and therefore, the compressive strength values of resulting composites will be increased over those of the hardened OPC mortar pastes impregnated with polyurethane polymer. Therefore, the copolymer formed in the residual pore spaces of the impregnated OPC cement mortar composites leads to a noticeable improvement in the compressive strength of the resulting composites as compared with the strength values obtained for polyurethane -impregnated mortar composites.
The results of Fig. (4) indicate that for the mortar pastes made with low initial porosities (W/C ratios of 0.25 & 0.30), the compressive strength values of the copolymer impregnated low porosity OPC mortar pastes are markedly higher than those of the un-impregnated mortar pastes and those impregnated with polyurethane polymer. This increase in the strength values is more obvious during the early hydration ages (1 -7 days). At longer ages of hydration, the improvement of the strength becomes less pronounced.
For low porosity mortar pastes, made with the initial W/C ratio of 0.25 and 0.30, the curing of the copolymer within their limited pore spaces is almost complete by using relatively lower radiation doses. With increasing initial porosity of the mortar pastes (W/C 0.40 and 0.50), the radiation dose required for the complete curing of the copolymer increases.
Evidently, the results of Fig. (4) , obtained for the mortar pastes made with W/C ratios of 0.40 and 0.50, indicated that the improvements in the compressive strength values of the copolymer impregnated mortar pastes at the later ages mortar pastes are less than those obtained at the early hydration ages; this result is related to the accumulation of cement hydrates within the pore system of mortar pastes at longer curing ages.
In general, it can be concluded that the initial porosity of the hardened OPC mortar pastes (as controlled by the initial W/C ratio) before impregnation is one of the main factors affecting the compressive strength of the resulting polymer impregnated OPC mortar composites. This can be seen from the differences of the compressive strength values of the hardened OPC mortar pastes made with different initial porosities.
Obviously, for all of the hardened mortar pastes, the strength improvement is more noticeable for the resulting OPC mortar composites at the early hydration ages. This is related to the fact that the total porosity of each hardened mortar paste at the early ages of hydration before and after impregnation, is higher than that at later ages. As hydration proceeds, larger amounts of cement hydrates are deposited within the pore spaces of the hardened mortar pastes leading to a reduction of the total pore system; this leads to a decrease in the extent of copolymer loading of the resulting composite on prolonged hydration of the hardened OPC mortar pastes. Therefore, the change in the total porosity affects the amount of impregnated monomers diffusing into the pore system of the specimens, and consequently affecting the amount of copolymer of polyurethane and polymethyl methacrylate formed during polymerization within the pores of the hardened OPC mortar pastes.
SEM micrographs
The microstructure of the hardened OPC mortars obtained after 28 days of hydration followed by impregnation with polyurethane ( castor oil & 4, 4'-diphenylmethane diisocyanate) -methyl methacrylate (MMA) copolymer showed an almost the same morphology of the hardened neat OPC paste; i.e. the formed hydrates retain their morphology after impregnation. The SEM Micrographs of the hardened OPC mortar paste made with the lower initial porosity (W/C = 0.25) and cured for 28 days, indicated a sort of carbonation fibers of CSH as well as rod-like crystals of calcium sulphoaluminate hydrates (ettringite, C 3 A.3CaSO 4 .32H 2 O) as shown in Fig. (5) . The hexagonal crystals of Ca(OH) 2 (portlandite) are also indicated in the micrographs.
Scanning electron microscopic (SEM) examination of the hardened OPC mortar paste made with W/C ratio of 0.40 after 28 days of hydration, indicated that the formed micro-crystalline and long (thin) fibrous particles of calcium silicate hydrates (CSH) as well as crystalline Ca(OH) 2 are still appeared after impregnation with polyurethane-MMA copolymer as shown in Fig.(5) . 
